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ABSTRACT
In-Plane Cyclic Behavior of a Steel Mesh Reinforced Cob Wall

Julia Fremuth Sargent

This thesis presents the results from in-plane cyclic testing of a reinforced cob wall. Cob
is an earthen building material composed of sand, clay, straw and water. Cob is typically
constructed with no steel reinforcement; however, the California Building Code requires
reinforcement in all buildings for resisting seismic forces. The purpose of this thesis is to provide
additional technical data to integrate cob into the building code.
Test results are reported for a 7’ x 8’ x 14” wall with two layers of welded wire steel
reinforcement constructed on a reinforced concrete foundation. In-plane cyclic loading was
performed on the wall up to a maximum displacement of 3.5 in. Compression tests of sixteen 3.5”
x 3.5” cubes were conducted to determine the compressive strength and the modulus of elasticity
of cob. Results provide observed performance, displacement components, yielding points and
seismic response modification factors. A numerical model was developed to conduct a parametric
study considering the variation of several material and structural properties. In addition,
discussion of material properties and recommendations for future work are included.

Keywords: Cob, In-Plane Testing, Earthen Building
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1. INTRODUCTION
1.1 Background
Earth is one of the oldest and simplest building materials that provides sustainable and
inexpensive building alternatives worldwide. Cob is an earth building material made up of clay,
sand, water and straw constructed without formwork, sometimes referred to as monolithic adobe.
Materials are typically obtained locally and construction does not require technical skills. It is
estimated that over one third of the world’s population still lives in earthen buildings today.
However, cob has fallen out of practice in recent centuries as a result of the Industrial Revolution
which allowed inexpensive building materials to be readily available. In order to be adopted by
the masses today, in-depth research is needed about the capacity and behavior of cob elements
and structures.
Earthen construction dates back more than 10,000 years ago to Jericho where buildings
were constructed from sun-dried earth blocks. Cob construction became the prevalent building
material in Britain starting in the 13th century (Kennedy, Smith and Wanek 2002). From the many
regions around the world where cob was used, it was proven that cob construction is effective in a
wide range of climates. Cob construction is sustainable with virtually zero waste because it is
nontoxic and can be 100% recycled and returned to the earth. The materials are almost always
locally available which removes the transport of materials manufacturing needs. This also greatly
reduces the costs of construction to provide a cheap building alternative.
Western cultures are starting to re-adopt cob construction as a sustainable alternative to
the common building methods like timber and concrete. However, due to the lack of in-depth
technical research, it is often impossible to obtain building permits and could pose structurally
unsafe situations for those who construct using cob. In order to safely provide this sustainable
building option, technical data needs to be available to establish accurate building standards.
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With the lack of testing that has been done with cob, it is prevented from becoming a part
of the California Building Code. The research in this thesis is to provide additional technical data
on cob and straw construction to support its adoption into the California Building Code.
1.2 Scope
In this thesis, research was conducted to determine the behavior of a reinforced cob wall
under in-plane cyclic loading, used to represent earthquake forces. In addition to the in-plane
loading, separate tests were conducted to determine material properties of cob. These tests results
in soil properties and the compressive behavior of cob specimens. The soil property tests
determine liquid limit, plasticity, and water content of clay, and gradation of sand.
1.3 Layout of Contents
This thesis presents the results of in-plane cyclic testing of a reinforced cob wall. It is
organized to provide the reader with relevant background, testing methods, results, and analysis
of this test. It is broken down into the following eight chapters:
•

Chapter 1 introduces cob as a building material and its history and introduces the
research scope.

•

Chapter 2 provides prior research and background on cob using published literature.

•

Chapter 3 covers each material used in the construction and testing of this cob wall. It
also includes material testing and properties on cob samples and constituents.

•

Chapter 4 lays out the construction of the cob wall.

•

Chapter 5 presents an in-depth description of the instrumentation used to conduct the
test.
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•

3

Chapter 6 covers the testing setup, protocol and procedure for the wall. It also includes a
timeline from construction to test and general testing observations.

•

Chapter 7 provides in-depth results and analysis of the performance and behavior of the
wall. Force-displacement data is used to determine failure mode and displacement
components due to shear, bending and rocking.

•

Chapter 8 performs non-linear moment-curvature analysis of the cob wall and describes
a universal model for the behavior of a reinforced cob wall. This model was used to
conduct a parametric study which investigates the influence of several parameters. These
parameters include: compressive and tensile strength of cob, yield strength and area of
steel reinforcement, applied axial load, and the addition of strain hardening.

•

Chapter 9 summarizes the conclusions from the cob wall test and provides
recommendations for future work.

2. LITERATURE REVIEW
This chapter presents background on prior research on cob building and soil analysis. It
covers the different types of cob construction, previous in-plane wall tests and the previously
determined material properties of cob using various types of tests including compression and
modulus of rupture tests.
2.1 Types of Cob
Cob construction was a method used around the globe in earlier centuries which
developed different methods of construction. Over the decades of cob building, Devon and
Oregon cob construction became the most common methods.
2.1.1 Devon Cob
Devon cob originated in Devon, England and due to restoration efforts of historical
buildings, the practice has become increasingly popular in recent years. The sandy clay subsoil in
Devon, England is mixed with water and straw until it “feels right” and then is forked onto the
wall and simultaneously packed down. These walls are typically 24 inches thick with each layer
(also known as a lift) being approximately 18 inches high. The cob walls must be built in lifts to
eliminate slump at the base of the wall. Once the wall is allowed to dry enough to where slump
will not occur, additional lifts are placed. Between these lifts the cob must stay moist enough to
allow the layers to bond with each other. Today, mixing typically occurs using a tractor compared
to in the past where oxen or people stomping on the cob pile were used (Kennedy, Smith, et al.
2002).
2.1.2 Oregon Cob
Oregon cob became popular in the late 1980s as a sustainable building material due to the
renewed popularity in England. The Oregon cob process was developed from Devon cob and
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eventually evolved into a new technique. Initially, the difference is the quality and quantity of the
ingredients. Most construction projects will still use local soils but unlike Devon cob, Oregon cob
follows more precise proportions of clay and sand. The ratio for Oregon cob is 2:1 sand/gravel to
clay and then water is added as needed depending on the soil characteristics. The more precise
mixtures can reduce error and differences of strengths by having a standard to follow. The general
mixing process is to place the materials on a tarp and have people stomp on it with their feet (see
Figure 2.1). Instead of forking the material directly onto the wall, it was formed into loaves of
stiff mud and straw which could then be tossed from person to person in an assembly line.
Oregon cob also uses the technique of “thumbing”. This is where one’s fingers or a “thumbing”
tool makes holes in the lift below and the new material being placed is shoved into those holes to
ensure a strong bonded monolithic wall.

Figure 2.1 Mixing Cob by Stomping with Feet (from Smith)

2.2 Wall Tests
Santa Clara University students have completed multiple in-plane cob wall tests with
various reinforcement on their multiple degree of freedom test frame. Eberhard, Novara, and
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Popovev (2018) completed testing on four walls, each using the same mix design but different
reinforcement levels. This reinforcement varied from no reinforcement to heavy reinforcement
like that of a concrete wall. The reinforcement was as follows: Wall 1 – None, Wall 2 – Heavy,
rebar matrix with #5 bars, Wall 3 – Medium, 14 gauge welded wire mesh with 2 vertical and 2
horizontal #5 rebar, Wall 4 – Light, 14 welded wire mesh with additional couplers. In their
findings they determined that heavy reinforcement was too much steel for the cob; therefore, they
did not bond together and work as one unit. The non-reinforced and light-reinforcement walls
were able to resist the largest lateral load but lacked ductility and had little displacement. The
medium reinforced wall had a very large displacement and was the most ductile. Its lateral load
per foot was the greatest due to the large displacement even though its max lateral load was not.
See Table 2.1 for the summary of results of each wall. It was also determined that a common
failure location was along a lift, where cob had to dry before continuing to build upwards. This is
due to the lack of integration of straw in-between the lifts and therefore creating a weak point.
Table 2.1: Summary of Test Results (from Eberhard et al., 2018)

2.2.1 Seismic Response Modification Factor
The seismic response modification factor (R-Factor) is important in designing structures
because it is a parameter that considers the nonlinear behavior of a structure during seismic
activity. Eberhard, Novara, and Popovev (2018) found R-Factors of each wall using the hysteresis
curves from testing. Using an envelope curve found by the maximum load at each displacement,
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linear regression was used to determine the yield point of the wall (where R2 > 0.98). Using
Equation 2.1 from John Rose’s paper (Rose 1998) on cyclic loading of wood structural panel
shear walls, the R-Factor was calculated.

𝑅𝑅 = ��2𝜇𝜇 − 1�

0.8∗𝑉𝑉𝑠𝑠𝑠𝑠
𝑉𝑉𝑦𝑦

𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝜇𝜇 =

Δst
Δy

(Equation 2.1)

where Vst is the force at peak load, Δst is the maximum displacement, Vy is yield force and Δy is
displacement at yield. See Table 2.2 below for a summary of the calculated R-Factors for each
wall.
Table 2.2: Seismic Response Modification Factors (from Eberhard et al., 2018)

Wall 3 had the highest R-Factor which was expected because it had the highest lateral
displacement and load per linear foot. Therefore, this wall would perform the best under seismic
conditions. Wall 1 experienced some data loss during the test so the R-Factor could not be
calculated with accuracy. Wall 2 and 4 had low R-Factors and it did not perform as ductile as the
medium reinforced wall (Wall 3).
2.3 Compression Tests
Compression strength is a soil property that is important in establishing the bearing
capacity of a wall. Pullen and Scholz (2011) tested six different mixtures under unconfined
compressive force following ASTM C39. This procedure is the standard test method for
compressive strength of cylindrical concrete specimens but was modified to relate to cob. In this
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test, cob samples were formed into 12 inch tall and 6 inch diameter cylinders. The samples were
then dried for 6 days to ensure the cob was not weakened by any damp sections. At testing, the
water content was about 20%. The tests were then performed at a rate of 20 psi per second using a
concrete compression testing machine. The maximum force at failure divided by the surface area
calculated the compressive strength. The average compressive strength found was 102 psi with a
standard deviation of 22.5 psi. Table 2.3 provides a summary of the compression test results.
Mixture D resulted in much lower compressive strength likely due to the lack of straw compared
to the other mixtures. The average length of the straw in mixture D was 3.5 inches while all other
mixtures had lengths ranging from 6-12 inches. Therefore, the cob in mixture D has almost none
of the contributing reinforcement from the straw, giving it a brittle failure.

Figure 2.2: Brittle vs. Ductile Failure Method (from Pullen and Scholz, 2011)
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From the compression tests the modulus of elasticity of cob was also determined.
Modulus of elasticity is important in material properties because it describes the behavior of a
material. The modulus of elasticity is determined by the change in stress over strain within the
elastic limit of cob. This was calculated from the slope of the least squares regression lines from
the linear section of the stress-strain curve. The linear lines used for calculating the modulus of
elasticity on the stress-strain curves are shown in Figure 2.3 as the solid line. The dashed lines are
the total stress-strain curve. The average modulus of elasticity found by Pullen and Scholz was
10,567 psi with a standard deviation of 16200 psi. See Table 2.3 for a summary of modulus of
elasticity values for each mixture.

Figure 2.3: Stress-Strain Curves (from Pullen and Scholz, 2011)

Table 2.3: Compression Test Summary (from Pullen and Scholz, 2011)

Compressive
Strength (psi)
Modulus of
Elasticity (psi)

A

B

C

D

E

F

Average Std. Dev.

102

107

90.4

65.1

119

129

102

22.5

1600

2000

2100

43000

10000

4700

10567

16200
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At the University of Plymouth, England compression tests were performed to determine
the ideal straw content and moisture content in cob. Cylindrical specimens were made 300mm tall
and 150mm in diameter and axially loaded for an unconfined compression test. Some samples
were tested immediately after the samples were made while the rest were allowed to dry and then
tested. These tests determined the moisture content should be less than 10% and optimal straw
content to be between 1.0% and 1.5% (Saxton 1995).

Figure 2.4: Compressive Strength vs. Moisture Content (from Saxton, 1995)
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Figure 2.5: Failure of Samples during Compression Tests (from Saxton, 1995)

Miccoli, Müller and Fontana (2014) performed extensive compression tests on
compressed earth blocks, rammed earth and cob. When making the samples for the cob test, they
made one large “heap” and then smaller samples (420x420x115mm) were cut out of the large
heap once dry. This was to replicate how the cob would behave in a real setting to get the most
accurate results. Once the dry samples were collected they were each loaded at a rate so that
failure would occur in 20-30 minutes. The results of this compression test had maximum
strengths from 1.4 to 1.7 MPa (203-247 psi) and an average of 1.59 MPa (231 psi) with large
deformations up to 6% vertical strain. Compared to the other earth materials tested, it was
reported that cob had a lower compressive strength but showed ductile behavior due to the straw
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content with a less distinctive maximum. Therefore, it was determined that the cob samples had a
better shear performance which leads to higher success in seismic regions compared to other
earthen building techniques. The modulus of elasticity was also determined to have an average of
420 MPa (60916 psi) and a standard deviation of 137 MPa (19870 psi), measured at 1/3 of the
maximum load. These values were obtained following a German standard procedure for testing
properties of concrete, DIN 1048-5. The standard deviation of stress is fairly large which could be
due to the varying amounts of straw in the different samples.

Figure 2.6: Compression Test Set-Up (from Miccoli et al., 2014)

At the University of Ado-Ekiti in Nigeria compression tests were used to determine
engineering properties of cob. The cob tested had a plasticity index of 23.8 and plastic limit of
40.5. Their testing method followed some ASTM and British Standard specifications however it
is unknown which specific standards. 12 samples were formed and allowed to dry in the
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laboratory and 12 samples were tested right after formed while wet. The samples were axially
loaded with a 1.5 inch diameter steel disc for the compression tests. Results of the test versus
moisture content is shown in Figure 2.7. The test determined the ideal moisture content was
between 2-4%.

Figure 2.7: Compressive Strength vs. Moisture Content (from Akinkurolere, 2006)

2.4 Modulus of Rupture
Flexural strength is the maximum resistance of a specimen subject to bending. With
flexural strength the modulus of rupture can be calculated. When assuming linear-elastic behavior
this provides the tensile stress at the maximum bending moment. This is important to determine
for accurate behavior in bending.
Pullen and Scholz (2011) performed modulus of rupture tests following ASTM C78. This
procedure was originally created for concrete samples and was modified for cob testing. Samples
were formed into 6 by 6 by 12 inch beams and were loaded by third-point loading. This loading
allows pure flexure behavior to be observed without shearing impacts. Table 2.4 provides the
results of the modulus of rupture tests. Mixture D resulted in a much lower flexural strength,
similar to its performance in the compression tests. The lack of straw reinforcement in mixture D
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can be directly related to the lack of flexural strength. Without the aid of straw the cob becomes
brittle and cannot withstand large bending forces.
Table 2.4: Summary of Modulus of Rupture Tests (from Pullen and Scholz, 2011)

Flexural Strength
(psi)

A

B

C

D

E

F

34.6

31.5

23.5

10.8

23.6

26.2

Average Std. Dev.
25

8.3

Figure 2.8: Cob Beam at Failure after Modulus of Rupture Test (from Pullen and Scholz, 2011)

At Santa Clara University, students performed modulus of rupture tests using the flexure
test method from ASTM D198. This standard test is for evaluation of lumber and was modified
for evaluating cob. This testing method is very similar to ASTM C78 which is designed for
concrete members. For the loading points, bamboo was used to distribute the load to reduce the
initial load condition and increase the duration of the test (Leza et al. 2017).
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Table 2.5: Summary of Modulus of Rupture Tests (from Leza et al., 2017)

Figure 2.9: Modulus of Rupture Test Set-Up (from Leza et al., 2017)

2.5 Soil Composition
The soil composition of cob varies greatly in different regions of the world as a result of
using local materials. In England, the typical cob soil is made up of approximately 30% gravel,
35% sand, and 35% clay with straw content about 1-2% of the total weight (Saxton 1995). In
New Zealand, the typical clay content ranges from 3-20% with an average of 5-6% (Elizabeth and
Adams 2005). The difference is mainly due to the soil properties in diverse locations.
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2.5.1 Clay Properties
Clay is the main determiner in the cob strength and the bond that the soil particles will
form. The Standard Guide for Design of Earthen Wall Building Systems (ASTM E2392) suggests
a non-expansive kaolinite clay. Kaolinite clay is an industrial clay, also known as China clay, and
is used in paper products and ceramics. It has a low shrink-swell capacity which is ideal for cob
construction to reduce cracking (Barthelmy 2012). Kaolinite clay is a very abundant type of clay
and can be found around the world and it is commercially mined which makes it easily
accessible. It comes in many different variations which results in the diverse makeup of cob based
on location.

3. MATERIALS
This chapter covers the materials used in the construction of the cob wall. It is separated
into each section that makes up the wall: cob, reinforcement, foundation and top concrete beam.
The properties and testing methods are included, as applicable, for each material.
3.1 Cob
Cob is a mixture composed of clay, sand, straw and water. The specifics of each material
is dependent on where the soils were taken from and where construction occurred. Most cob
construction uses local or on-site soils and can have a variety of different proportions. For this
wall, there was no additional materials added to the cob.
3.1.1 Clay
The clay used in the cob mixture came from the Quail Springs Permaculture site in
Ventucopa, California (see Figure 3.1). This was mined in mid-July, just prior to wall
construction. It was stored in a pile at the construction site and kept dry with a tarp covering.

Figure 3.1: Clay Location Site Map (adapted from Google, 2019)
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The clay is one of the most important materials of cob because it provides the strength
and adhesion. Ideally, non-expansive clays with liquid limits less than 60 and plasticity index less
than 30 should be used to ensure shrinkage and cracking does not become an issue (Saxton 1995).
Cracking and shrinkage can happen dramatically in clay because as it dries it changes from very
sticky to very brittle (Elizabeth and Adams 2005). Therefore, if there is too much clay there can
be severe cracking which ultimately leads to failure. The clay used for this wall was tested by Cal
Poly geotechnical students, Lauren Becker and Grace Paananen, using multiple standard test
methods. These tests included:
•

ASTM D422 – Standard Test Method for Particle-Size Analysis of Soils

•

ASTM D2487 – Standard Practice for Classification of Soils for Engineering Purposes
(Unified Soil Classification System)

•

ASTM 4318 – Standard Test Methods for Liquid Limit, Plastic Limit, and Plasticity
Index of Soils
ASTM D422 determines the particle-size breakdown of the clay by using sieves and

hydrometer analysis. Figure 3.2 shows the resulting gradation curve for the clay. The liquid limit
was determined to be 35 with a plasticity index of 17 from ASTM D4318 and D2487. This
classified the clay to be a low plasticity clay which is ideal for cob construction due to its
moderate expansive qualities and low permeability once compacted.
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Figure 3.2: Clay Gradation Curve

Figure 3.3: Plasticity Chart for Clay
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3.1.2 Sand
Sand typically makes up the majority of the cob mixture. It gives cob the compressive
strength because it is a hard and inert material. It does not expand or contract when wet like clay
does therefore it works as a stabilizer (Elizabeth and Adams 2005). The sand used for this project
was purchased from GPS River Rock Products in Ventucopa, California where it is mined from
the Cuyama River; see Figure 3.4 below.

Figure 3.4: GPS Sand and Gravel Location Site Map (adapted from Google, 2019)

ASTM D422 was used to determine the particle-size distribution by the use of sieves to
assist in analyzing the sand. Figure 3.5 shows the gradation curve developed from the particlesize analysis.
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Figure 3.5: Gradation Curve for Sand

3.1.3 Straw
Straw is used for tensile strength in the cob which can increase ductility in an otherwise
brittle material. It is also used to provide a bond between lifts during construction to keep the cob
as one monolithic structure. The straw used for this mixture is 12 to 14-inch-long oat straw
purchased locally from Washter Hay and Grain. The straw is kept covered and dry before it is
mixed with the cob so it does not rot or weaken.
3.1.4 Compression Tests
To determine the properties of cob, compression tests were conducted on cob samples
using an MTS Loading Frame in the Cal Poly laboratory. Due to the lack of standardize tests on
cob, other testing methods, like ASTM C39, are adapted to relate to cob. The cob samples were
formed into 3.5 by 3.5 inch cubes at the time of wall construction. Therefore, they are assumed to
have similar properties as the tested wall. 18 samples were tested to determine the compressive
strength and the modulus of elasticity of the cob.
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Each sample was measured and weighed prior to testing. To establish good contact of the
sample and the platen, there was a hydro-stone cap installed on each end of the sample to smooth
out any imperfections and give it a flat surface. The samples were then left to dry for at least 3
days so any moisture from the installation of the hydro-stone was diffused throughout the sample
to ensure there were no weak points that could affect the test. The sample was then centered
under the piston and linear variable differential transformers (LVDT’s) were attached to the
loading actuator, as seen in Figure 3.6, to track the displacements of the piston and expansion of
the sample. The load was then applied at a rate of 0.0005 in/sec and the test ran until the
maximum load dropped about 20 percent. The compressive strength was calculated with the
stress Equation 3.1 using the maximum load applied during the compression test and the crosssectional area of the sample. The summary of the results from the compression test is in Table
3.1. The average maximum load was 2404 lb and the average compressive strength was 174 psi.
Sample 1-C was not taken into account when calculating the average because it was a very poor
sample with a large clump of straw, as seen in Figure 3.8, which led to far lower density and
compressive strength than all other samples.
𝜎𝜎 =

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝐴𝐴

Equation 3.1
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Figure 3.6: Sample 6-B Set Up Prior to Compression Test

Figure 3.7: Sample 6-B at Failure after Completion of Compression Test
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Figure 3.8: Sample 1-C with Straw Clump

The modulus of elasticity was found by determining the slope of the linear section of the
stress-strain curve. The LVDT’s that measured the samples change in length were used to
calculate strain. The loading frame is able to record its own change in length however, due to the
initial settling of the piston on the top of the samples, the LVDT’s were used to get a more
accurate reading of the change in length. Figure 3.9 shows the difference between the position of
the piston recorded by the computer and LVDT on the stress-strain curve. Most of the samples
modulus of elasticity linear section were between stresses 15 and 50 psi. Therefore, this is the
section the slope was taken from to give a value for modulus of elasticity. Linear regression was
used to find the slope of the curve, which is the modulus of elasticity, using the section between
15 and 50 psi. The average value was determined to be about 39,400 psi from the LVDT. See
Table 3.1 for a summary of results from the compression test.
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Figure 3.9: Stress-Strain Curve from Sample 6-B

Table 3.1: Summary of Compression Test Results

Poisson’s Ratio was determined using the two LVDT’s that measured the horizontal
expansion of the cob samples and the vertical compression distance of the sample measured using
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the same LVDT’s used for modulus of elasticity. The strain calculated in each direction is then
used to solve for Poisson’s ratio using Equation 3.2.
𝜀𝜀

𝜈𝜈 = 𝜀𝜀𝑦𝑦
𝑥𝑥

Equation 3.2

The strain in the y-direction is the horizontal expansion and the strain in the x-direction is
the distance the sample was compressed. Poisson’s Ratio is used with the modulus of elasticity to
calculate the shear modulus. The shear modulus is calculated using Equation 3.3.
𝐺𝐺 =

𝐸𝐸
2(1+𝜈𝜈)

Equation 3.3

The summary of Poisson’s Ratio and the shear modulus is in Table 3.2 as well as the
modulus of elasticity because it was used in the calculation of the shear modulus. Sample 2-C is
an outlier and therefore was not included in the average or standard deviation calculations. This is
because the modulus of elasticity was much smaller than the other samples due to the hydro-stone
cap not settling correctly during the compression test.
Table 3.2: Summary of Poisson's Ratio and Shear Modulus

3. Materials

27

3.1.5 Moisture Tests
After each compression test was completed, 15 of the samples were tested for moisture
content. The moisture content was found to determine if the moisture of the sample affected the
compressive strength of the cob.
To determine the moisture content, first each sample was placed in a pan with a known
mass and weighed. The pan with the sample was then placed in the oven and dried for a minimum
of 24 hours. The pan and sample was then removed and re-weighed to get an oven dry mass.
Moisture content is calculated by Equation 3.4.

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (%) =

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑜𝑜𝑜𝑜 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

=

(𝑃𝑃𝑃𝑃𝑃𝑃+𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)−(𝑃𝑃𝑃𝑃𝑃𝑃+𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐷𝐷𝐷𝐷𝐷𝐷)
𝑥𝑥
(𝑃𝑃𝑃𝑃𝑃𝑃+𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)−(𝑃𝑃𝑃𝑃𝑃𝑃)

100 Equation 3.4
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Table 3.3: Summary of Moisture Tests

As seen in the summary above (Table 3.3), these samples had an average moisture
content of 1.9% and a small standard deviation of 0.1%. The greyed-out samples were outliers or
moisture was not recorded. After the compression test, some of the samples were not used to
determine their moisture content because they had completely broken apart and they were too
difficult to salvage. The other samples that were outliers were due to not being weighed directly
after removal from the oven. The humidity in the lab where moisture content was determined
ranged from 45-55%. Therefore, it was concluded that those samples had re-absorbed moisture
from the air which increased the weight of the samples.
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The moisture content was also used to compare the moisture of the samples to the
moisture of the wall during testing. These moisture samples were taken at three locations of the
wall: north bottom corner, south bottom corner, and the east side center of the wall. Table 3.4
summarizes the moisture contents found from the wall that was tested. The moisture contents
from compression and wall tests were very similar. The average moisture content during the
compression tests was 1.9% and the average moisture content during wall testing was 2.12%.
Table 3.4: Summary of Moisture Content from Wall

3.1.6 Modulus of Rupture
Modulus of rupture tests were done by Dezire Perez (2019) on samples that were formed
from the same mixtures as the compression test samples. 17 samples were formed into 8 by 8 by
24 inch beams and tested per a modified Standard Test Method for Flexural Strength of Concrete
(ASTM C293). This testing method uses a simple beam with center-point loading mechanism.
The setup of the tests and after completion of the test is shown in Figures 3.12 and 3.13,
respectively. Equations 3.4 and 3.5 calculated the modulus of rupture strength and the tensile
strength of cob. The load used for the tensile strength was at 0.15 inches of displacement because
there was not a clear settling point on the graph, (see Figure 3.11). Table 3.5 is a summary of the
modulus of rupture tests and their calculated flexural strength.
𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =

𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 𝑐𝑐
𝐼𝐼

𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝐼𝐼 = Moment of Interia 𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐 =Distance from center to crack

Equation 3.5
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𝑓𝑓𝑡𝑡,𝑐𝑐𝑐𝑐𝑐𝑐 =

𝑃𝑃𝑡𝑡,𝑐𝑐𝑐𝑐𝑐𝑐
𝐴𝐴

𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 A = Cross-sectional area
Table 3.5: Summary of Modulus of Rupture Tests

Pmax

Pt,cob

Figure 3.10: Modulus of Rupture Displacement vs. Axial Force

Equation 3.6
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Figure 3.11: Modulus of Rupture Test Set Up with Sample 4-B

Figure 3.12: Failure of Sample 4-B after Completion of Modulus of Rupture Test
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3.2 Reinforcement
The reinforcement used in the cob wall consisted of two layers of CF 6x6 W2.9/W2.9
smooth welded wire steel reinforcement, see Figure 3.14. The diameter of the steel was 0.192
inches with a tensile strength of 94 ksi. At the ends of the wall, a smaller gauge welded wire, CF
6x6 W1.4/W1.4, was used to connect the two layers of CF 6x6 W2.9/W2.9. The diameter of the
smaller gauge steel was 0.134 inches with a tensile strength of 112 ksi. The required properties of
welded wire reinforcement complies with ASTM A1064 and determines the required properties
of the steel. The certificate of compliance with ASTM A1064 can be found in Appendix C. The
spacing between the longitudinal wires and transverse wires were both six inches. This mesh-like
reinforcement was chosen because it was predicted to bond with cob and therefore work together
to resist lateral forces. Using typical reinforcement bars that are used for reinforcing concrete was
deemed too strong. This could result in the cob and steel acting as two different systems to resist
forces rather than as one cohesive unit. There were multiple gauges of wire that were considered
but ultimately the larger W2.9/W2.9 welded wire was chosen as the main reinforcement to
provide strength and stability.

Figure 3.13: Welded Wire Steel Reinforcement Prior to Installation
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3.3 Foundation
A reinforced concrete foundation was used to support the cob wall during testing. This
was to ensure that the foundation would be stronger than the wall in order to obtain test results
only due to the strength of the cob. The concrete mix used typical Portland cement Type II, sand
and gravel from a local distributer, GPS. The gravel sizes were up to ¾ inches at its widest point
and the sand was the same as was used in the cob (Section 3.2.2). The mix design for the
foundation was 3 sand: 2 gravel: and 1 cement. The foundation was 22 inches wide, 8 inches
thick and 9’2” long. Two #4 transverse reinforcement bars were placed for tension forces. The
foundation was built with 13 horizontal pipes to allow threaded rods to connect the loading frame
to the foundation.

Figure 3.14: Gravel, Sand and Cement used for Concrete
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3.4 Concrete Top Beam
In order to add a load to the cob wall there was reinforced concrete poured on the top of
the wall to act as a beam that would attach to the loading frame. This mix was similar to the
foundation with typical Portland cement Type II, sand and ¾ inch gravel. The mix was 3 sand: 2
gravel: and 1 cement with one #4 transverse reinforcement bar. This concrete top beam was
designed to resist more force than the cob wall and to bring up the overall wall height to 7’- 9” to
fit the loading frame.

Figure 3.15: Concrete Top Beam Preparation
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Figure 3.16: Concrete Top Beam being Finished

4. WALL CONSTRUCTION
This chapter discusses the construction of the reinforced cob wall. Cob construction is a
slow and simple process. It does not require any formwork or skilled workers. The construction
sequence of this wall was adapted from the Oregon Cob method.
4.1 Foundation
A reinforced concrete foundation was first formed and poured using the mixture
described in Section 3.3. The wooden form had 13 pipes that were installed prior to the concrete
pour to create holes through the foundation. These holes were for threaded rods that run across
the foundation and connect the loading frame. The concrete foundation was left to cure for one
day before the beginning of the cob wall construction. The welded wire steel reinforcement was
cast into the foundation to ensure a secure connection between the wall and foundation.

Figure 4.1: Foundation Curing with Welded Wire Steel Reinforcement
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4.2 Welded Wire Steel Reinforcement
The welded wire steel reinforcement was constructed of the two layers of CF 6x6
W2.9/W2.9 formed into a cage with CF 6x6 W1.4/W1.4 welded wire used at the ends and
centerline to hold the two layers together. The two layers of CF 6x6 W2.9/W2.9 were the main
face of the reinforcement spaced at 12” apart. Due to the large gauge of this wire, it was difficult
to form into shape by hand. The welded wire steel came in 7 by 20 foot sheets which had to be
constructed into the cage. The wire was cut, bent and formed into shape using rebar benders and
18” bolt cutters. CF 6x6 W1.4/W1.4 was bent into a U-shape to wrap around the ends of the main
layers to form the cage. One layer of CF 6x6 W1.4/W1.4 was also used for stability in the center
of the cage. Reinforcement tie wires were used to tie and secure the pieces of the mesh wire cage
together. At the top of the wall, an extra 6 inches of wire was left to be bent over and connected
to the adjacent mesh wire layer. As the cob wall was constructed around the frame, extra tie wires
were wrapped around the welded wire cage to ensure it did not bulge from the pressure of the
cob.

Figure 4.2: Wet Foundation with Welded Wire Steel Reinforcement
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Figure 4.3: View from the End of the Welded Wire Cage

4.3 Cob Construction
4.3.1 Mixture
Making the cob is a simple mixing process that requires no heavy machinery or power
tools, though machinery can be used to speed up the process. For this wall, the ratio of sand to
clay was 2:1. A tractor and its bucket were used to measure and mix the sand and clay. The
tractor first mixed dry clay and sand together until combined. Water was then added to the
mixture and left overnight to soak through the mixed clay and sand. Once the water completely
soaked in with the mixed clay and sand, it was mixed again to ensure uniform consistency. Water
was added as needed throughout the mixing process. Straw was then pushed into the cob mixture
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and then mixed again with the tractor. Cob is usually mixed until it “feels right”. For this wall, the
ideal consistency is when the material is wet enough that it is easy to mix into itself and hold
together without crumbling, but not overly wet where a small section will slump under its own
self-weight. Initially, the cob mixture was a bit dry so that water can be added as needed to ensure
it will not become too saturated. When the desired consistency for the mixture was achieved, it
was covered to prevent the cob from drying out. Each mixture would last between a day or two
before it needed to be remixed to the correct consistency. The cob was then placed on the
concrete foundation and built up in lifts.

Figure 4.4: Tractor Mixing Cob
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4.3.2 Lifts
Cob construction does not require formwork or additional tools to build which allows for
easy construction. However, there was some formwork used to hold the reinforcement in place
during construction. Once the cob was mixed it was built up on the prepared foundation by hand
in lifts of about one foot of height a day. The wall was shaped by hand while being packed in and
around the steel mesh cage that was used for this wall. The method of “thumbing” is a common
practice in which fingers push holes into the cob in between each lift. Thumbing imprints can be
seen in Figure 4.3. This creates a bond between the lifts to keep the cob wall a monolithic
structure. Thumbing was done extensively throughout this wall to decrease the possibility of
weak points in the wall.

Figure 4.5: Start of Second Lift

The wall must be built in lifts because the cob needs to partially dry to stiffen otherwise it
will slump from its self-weight. However, the top of the cob must stay moist so a bond is able to
form between the lifts. To prevent over drying, wet towels and plastic were laid on top of each lift
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to keep the connection point moist overnight. Construction took place at Quail Springs
Permaculture in July which is an extremely hot and dry time of the year. Due to the hot and dry
weather, cob would dry more rapidly than usual. Quick drying allowed for two lifts to be
completed in one day which sped up the process. When this wall was built, three other walls were
simultaneously constructed. In total, it took eight days to complete the construction of all four
walls with eight workers. Once all of the lifts were completed, a “cobber’s saw” was used to
shave the sides of the cob wall to the desired dimensions. The final dimensions for the wall are
listed in Table 4.1. The walls were then left to dry for at least three months to come to full
strength before testing.
Table 4.1: Wall Dimensions

Figure 4.6: Cob Protected from Drying with Plastic
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Figure 4.7: Wall Drying after Construction

5. INSTRUMENTATION
This chapter covers the instrumentation used to monitor and collect data from testing the
wall. It includes descriptions of the program used and the devices used to track displacements and
loads.
5.1 Data Acquisition System
The data acquisition system chosen to run and collect the data for this test was LabJack
U6 Series USB multifunction data acquisition system. LabJack came with its own program
written in LabVIEW which was user friendly and easy to run on any Windows computer. An
extension board was purchased to run with the LabJack U6 to provide enough analog channels to
connect all instruments. Overall, there was 15 inputs used for 13 different connections.
The majority of instruments were single ended inputs which only require one channel to
run. These instruments measured the voltage difference between a signal wire and the ground
which is then amplified to provide an output on the program. Single ended connections are simple
and easy to use but can often suffer from signal noise. The load cell and LVDT’s have differential
inputs which need two channels to operate. Instead of referencing the ground as in the single
ended inputs, it carries the signal on a positive wire and negative wire. The output received is the
difference of voltage between the two wires (Jacklyn 2016). Differential connections have a
cleaner output with less noise but use up more channels and gave some difficulty when using the
LVDT’s. Therefore, it was decided the LVDT’s would not be used for testing. This will be
discussed in more detail in section 5.3.2.
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Figure 5.1: LabJack Extension Boards - Doubled Ended (left) and Single Ended Connections (right)

5.1.1 Control Panel
LabJack U6 has settings to adjust the intervals in which data is collected, the
resolution of the data, and the settling factor. The range of voltage was automatically set to the
maximum voltage which is 10 volts. The automatic interval setting was set to 500 ms, which
determines the interval at which the program scans all channels, updates the screen, and writes
the data to file. The resolution of data was set to the highest level possible, which was 12. This
was to reduce the noise as much as possible and get the clearest data possible. Having the
resolution this high made a large difference in the amount of noise received but it also slowed
down the interface of the program. The settling factor is the time allowed for the analog input
voltage to settle after switching between channels. This value was set to 0 which is the automatic
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setting; therefore, the program automatically had the settling factor adjust to the amount of signal
it was receiving. The LabJack U6 can also be set to read within a smaller maximum range of
voltages. The ranges are ±10V, ±1V, ±0.1V and ±0.01V. Setting a range to be lower than the
maximum was found to output data with less noise when the instruments had a very small voltage
reading. This was useful on the linear displacement instruments on the face of the wall because
they reported very small movements.
Each channel has a section to input a scaling equation. This was an extremely useful
feature that allowed the output data file to be converted from voltage to any unit. Each instrument
was calibrated to determine a unique scaling factor. This factor would then record data in inches
or pounds, depending on the instrument. Figure 5.2 shows the scaling factor for each channel and
the other settings in the control panel.

Figure 5.2: LabJack Control Panel
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5.2 Load
To record the amount of load that the hydraulic cylinder was pushing or pulling against
the wall a 10 kip load cell was attached between the hydraulic cylinder and the wall connection.
This load cell was calibrated using the Cal Poly MTS Load Frame in the lab. The load cell was
connected to the LabJack equipment and placed on the testing table, centered under the piston.
The piston slowly added load and the LabJack registered the voltage output from the load cell.
These values were recorded and plotted as a linear relationship. From this linear relationship the
slope of the line became the factor which was inputted in the LabJack program to record an
output of pounds instead of voltage.

Figure 5.3: Load Cell Connected to Hydraulic Cylinder

5.3 Displacement
Two types of displacement instruments were used to record the movement of the wall,
string potentiometers and linear potentiometers. String potentiometers are cable actuated position
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sensors that detect the linear position between two points. Linear potentiometers measure
displacement by a small force pressing the piston in and out. The linear potentiometers used
measured a much smaller range of displacement than the string potentiometers. Both were
calibrated in the same method as the load cell except instead of using the Cal Poly load actuator, a
ruler was used to measure inches of displacement. The potentiometers were extended or
contracted a measured distance on a ruler. The LabJack data would be recorded at each measure
of displacement and the relationship was plotted. This linear relationship was the factor inputted
into the LabJack program to record outputs of displacement in inches versus voltage.
5.3.1 Main Deflection
One linear potentiometer and one string potentiometer was used for the main deflection
of the wall. These were connected to the end of the wall opposite of the loading frame. These
were mounted onto a separate displacement frame that was separate from the wall. The cable was
attached to the end of the wall by being looped around a mounted bolt. Figure 5.4 shows how
these connected to the wall.

Figure 5.4: Main Deflection Connections
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5.3.2 Material Deformation
Six string potentiometers were used to track material deformation on the face of the wall.
The six string potentiometers on the face of the wall were mounted on an aluminum plate which
attached to the wall by bolting to them a drilled threaded rod embedded in the wall. The cable
which measured the displacements was then connected to a different threaded rod, depending on
which measurement it was collecting. See Figure 5.5 for the location of each device and Table 5.1
for the breakdown of each instrument.

Figure 5.5: Instrument Layout

5. Instrumentation
Table 5.1 Summary of Each Instruments Channel and Purpose

String potentiometer 1 and 2 tracked the vertical change in displacement on the face of
the wall. String potentiometer 3 and 6 tracked the horizontal movement of the wall. String
potentiometer 4 and 5 tracked any diagonal movement that occurred during testing. These were
used to aid in determining if the behavior of the wall is due to shear or bending.
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Figure 5.6: Connections of String Potentiometers

5.3.3 Uplift
For displacements at the base of the wall where uplift could occur, linear potentiometers
were used which could measure a range of ±0.5 inches. Initially, linear variable differential
transformers (LVDT’s) were chosen to be used because they have more precise readings with less
interference. However, for an unknown reason, the connection of the LVDT’s was disturbing the
readings of all other instruments; therefore, it was decided to use the single ended linear
potentiometers instead to ensure the correct readings from all of the instruments were recorded.
The linear potentiometers were attached to each side of the wall by angle plates that were drilled
into the wall. They were installed so that they would compress or expand against the foundation
concrete if the wall was experiencing a separation from the foundation.
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Figure 5.7: Linear Potentiometer Setup for Uplift

5.3.4 Slippage
A linear potentiometer that could measure a range of ±0.5 inches was also used to
measure if slippage occurred between the top of the wall and the top concrete beam in which the
load was being applied to. This was attached by angle plates epoxied to the concrete and a
threaded rod drilled into the wall.

Figure 5.8: Slippage Connections at Bottom (left) and Top (right) of Wall

6. WALL TESTING
6.1 Testing Layout
6.1.1 Loading Actuator
The loading actuator used to apply in-plane load was a manually pumped hydraulic
cylinder with maximum capacities of 54.5 kips pushing and 49.5 kips pulling. The stroke has a
range of 24 inches and a 5 inch diameter. The actuator was able to lengthen and retract which
made it possible to induce push and pull forces on the wall; therefore, bidirectional cyclic loading
was possible. The hydraulic pump used to control the actuator consisted of two valves which
could be adjusted to control the rate of unloading. The hydraulic cylinder was supported above
the wall by a pinned connection in the middle of the wall and the loading frame. The height the
loading actuator applied later force on the wall was at 98”.

Figure 6.1: Hydraulic Cylinder

6.1.2 Loading Frame
The loading frame was designed by Dezire Perez (2019) to resist 60 kips of force. It was
constructed out of W8x31 members which included three beams, two columns, and two kicker
columns for bracing. See Figure 6.2 for the layout of the frame. The bottom beams were bolted
onto the foundation by threaded rods that went through each beam and the foundation so that the
frame was completely supported by the foundation of the wall, not the surrounding ground. The
two columns and kickers supported a top beam where the manually pumped hydraulic cylinder
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was supported. This hydraulic cylinder connected to the load cell which was connected to a
pinned connection centered on top of the wall. This pin connection was welded to two C-channels
which ran the entire length of the wall so that the force from the hydraulic cylinder would be
distributed across the top of the wall. These channels bolted to the top of the wall from the
threaded rods that were drilled into the reinforced concrete top beam.

Figure 6.2: Loading Frame Layout (adapted from Perez, 2019)

6.1.3 Instrument Layout
Figure 5.5 provides the layout of instruments for the wall. Refer to Chapter 5 for more
details. Instruments 1 through 6 and 9 through 12 were removed mid-testing to avoid any damage
from falling pieces of cob.
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6.1.4 Displacement Frame
In order to have a controlled reading of the displacements of the wall, a separate
displacement frame was constructed to provide support of two main deflection instruments. This
simple frame was constructed with slide rail and pinned down to the ground with sand bags and
heavy blocks to ensure it did not move throughout the test. It was placed approximately two feet
from the end of the wall with a string potentiometer to record the main wall deflection and a
linear potentiometer to record the initial small deflections, up to ¾ inches.

Figure 6.3: Displacement Frame

6.2 Loading Protocol
The loading protocol for testing the wall used was a cyclic loading sequence adopted
from Voon’s (2007) paper on reinforced concrete masonry walls. The wall was “pushed” or
“pulled” by the hydraulic cylinder to a certain displacement. Each stage of loading consisted of
two cycles to the specified displacement. The displacements were calculated from the percent
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drift of the compressed earth block walls tested in Voon’s (2007) paper. Table 6.1 and Figure 6.4
show the imposed displacements as a table and graphically. The percent drift was used instead of
the exact displacements because the cob wall was much larger.
Table 6.1: Imposed Displacements

Figure 6.4: Imposed Displacements
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The actual displacements that occurred on the wall were slightly different than the
calculated ones. This was decided during the test by observing how much damaged and load the
wall was taking.
Table 6.2: Real Imposed Displacements

Figure 6.5: Real Imposed Displacements
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After each displacement was reached for the specific cycle, the wall was returned to zero
displacement and observed for damage that may have occurred. Testing was deemed complete at
cycle 12 because the wall became unsafe to displace any further.
6.3 Test Results
This section outlines the testing details and highlights notable activity throughout the test.
A layer of plaster finish made of thin cob mixture was spread across the face of the wall that
would track the cracking throughout the test. This finish had no structural effect on the strength of
the wall and was strictly for visual purposes. Figure 6.6 shows the wall just before the test
occurred. A camera was set up to continuously take photos during the test to track the
displacement of the wall and observe the cracking that took place. A timeline is provided of the
construction sequence prior to testing (see Table 6.3). Wall construction was completed on July
29, 2018 and testing occurred March 2, 2019.
Table 6.3: Construction Timeline
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Figure 6.6: Wall Prior to Testing

The wall was tested on March 2, 2019. 12 loading cycles were carried out on the wall to a
maximum nominal displacement of 3.5 inches. At this point the load recorded had significantly
dropped from the peak load. The wall experienced peak loads of 14,450 pounds during the push
direction and 14,126 pounds in the pull direction. Both of these peak loads occurred during the
first 2 inch cycle (cycle 10, highlighted in Table 6.4). Table 6.4 reports a summary of the results
of each cycle. Figure 6.7 is the hysteresis curves of the entire test and Figure 6.8 gives a close-up
of the first 3 cycles of the hysteresis curves.
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Table 6.4: Summary of Test Results
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Push

Pull

Figure 6.7: Hysteresis Curves

Push

Pull

Figure 6.8: Hysteresis Curves of First 3 Cycles
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6.3.1 Details
Cracking at the base of the wall started to be visible during the 0.2 inch cycles.
Horizontal and diagonal cracking became visible during the 0.3 inch cycles. The wall experienced
a bending failure mode which was demonstrated by the distinct horizontal cracking on the face of
the wall. After the 0.75 inch cycles, the plaster finish of the wall began to break off of the original
face of the wall. Figure 6.9 highlights the final cracks on the face of the wall after completion of
the test. The longitudinal steel welded wire reinforcement broke at various locations at the base of
the wall. Figure 6.10 shows a broken CF 6x6 W1.4/W1.4 wire at the end of the wall.

Figure 6.9: Final Cracking
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Figure 6.10: Broken Welded Wire Steel Longitudinal Bar

7. RESULTS AND ANALYSIS
This chapter discusses the test results in-depth and analysis of crucial information. The
data used to analyze the wall’s failure mode includes force-displacement data recorded by
instruments and visual observation recorded by photography throughout the test.
7.1 Behavior
This section analyzes the behavior of the wall using the envelope, displacement
components and static equilibrium equations.
7.1.1 Visual Observation
Visual observation of the wall test was recorded by photos taken continuously throughout
the test. Cracking that occurred was compared to general failures of shear, bending and rocking.
The first cracks became visible to the naked eye during the 0.2 inch displacement cycle.
7.1.1.1 Shear
Shear cracks run diagonally across the face of the wall. Figure 7.1 demonstrates the
cracks that are caused by shear failure.

Figure 7.1: Shear Failure Cracking (adapted from Voon, 2007)
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The shear cracks did not form until after cycle 8 where the imposed displacement was
larger than 1 inch. These diagonal cracks formed sporadically along the wall and were not well
defined. Figure 7.2 highlights the shear cracks that had formed by the end of the test on the face
of the wall.

Figure 7.2: Shear Cracks at Wall Failure

7.1.1.2 Bending
Wall flexure form horizontal cracks along the wall. The largest and most defined cracks
during the test were horizontal cracks due to the bending of the wall. These cracks were the first
to form and were the largest cracks at failure. Figure 7.3 demonstrates the cracking that is
expected to form from a flexural failure.
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Figure 7.3: Flexural Failure Cracking (adapted from Voon, 2007)

Throughout the test, more horizontal cracks formed and stretched across the entire wall.
Figure 7.4 shows the main vertical and horizontal cracks during the 0.5 inch displacement cycle.
The vertical crack was due to construction formwork and through ties from CF 6x6 W1.4/W1.4
welded wire. The final bending cracks are highlighted in Figure 7.5. These are the majority of the
cracks that formed throughout the entire test and were the most defined. This visual observation
determined that the wall had a flexural failure mode.

Figure 7.4: Bending Cracks at 0.5 inches
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Figure 7.5: Bending Cracks at Failure

7.1.1.3 Rocking
Rocking occurs from uplift at the ends of the wall due to flexural horizontal cracking
along the base of the wall. This crack along the base is where the maximum moment on the wall
occurs. Figure 7.6 shows a crack that occurred at the base from uplift. Figure 7.7 shows the uplift
of the wall while at the completion of the test. The wire mesh had broken and the crack occurred
through the threaded rod where the linear potentiometer was connected.

Figure 7.6: Crack due to Uplift
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Figure 7.7: Uplift at Corner of the Wall at Failure

7.1.2 Backbone Curve
Figure 7.8 shows the backbone curve of the wall, also known as the envelope. Figure 7.9
is the backbone curve up to about 0.2 inches of displacement to show the initial behavior of the
backbone curve. These were generated from the parameters laid out in ASCE-41 Supplement 1
Section 2.8.3. The envelope is a curve drawn through each point of peak load from the first cycle
of each displacement range. The general shape of the envelope can show how ductile the material
it is. The curve does not have a well-defined yield point because the slope gradually decreases
after about 5,000 lb. This slow decrease demonstrates the cob wall to be somewhat ductile.
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Figure 7.8: Backbone Curve
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Pull

Figure 7.9: Zoomed in Backbone
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7.1.3 Deformation Components
Equations 7.1, 7.2 and 7.3 convert the total displacements into shear, bending, and
rocking displacement components, respectively. Figure 7.10 describes the location of each
measurement used in the three equations. These equations were derived by Voon (2007) in
Appendix C. Each component is with respect to the top of the wall. The summation of the three
components result in the total displacement of the wall. A graphical representation of the
displacement components with respect to the overall displacement is shown in Figure 7.11.
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Equation 7.1

Equation 7.2

Equation 7.3

Figure 7.10: Wall Displacements used to Calculate Deformation Components (adapted from Bland,
2011)
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Pull

Push

Figure 7.11: Deformation Components with respect to Overall Displacement

Initially, the shear component it the largest contributor to the total displacement, with
virtually zero contribution from rocking. As the overall displacement increases, the shear
displacement curve flattens out and the bending slope increases. The instruments tracking
material deformation on the face of the wall only recorded displacements through cycle 10. The
total curve plotted represents the summation of each component, not the real displacement
recorded by the main deflection instruments. There are inaccuracies with the instruments tracking
each measurement used for the component equations because they are recording a very small
displacement. Therefore, the displacement components summed together resulted in a larger
overall displacement than was actually recorded. However, the data was still included in
analyzing the deformation components of the wall. As seen in Figure 7.11, the shear and bending
curves approach each other which predicts the crossing of the two curves. This would conclude in
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an increased bending component and decreased shearing component at larger imposed
displacements. This is reasonable because it was visually observed during testing that the wall
failed in flexure, not in shear. Some rocking cracking was also observed which is confirmed by
the slight rocking displacement component increase.
Figures 7.12 and 7.13 graph the displacement components versus the load applied to the
wall. Figure 7.12 is the hysteresis curves from each component and Figure 7.13 is the backbone
curves from each component. The rocking displacement provides very little contribution to the
overall displacement. The majority of the displacement comes from shear and bending
displacement components. Based on these two graphs, the shear displacement component
contributes the largest amount of displacement. However, as stated previously, these instruments
used were removed during cycle 10. Therefore, the displacement component at failure was not
recorded.

Push

Pull

Figure 7.12: Displacement Components Hysteresis Curves
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Figure 7.13: Component Displacement Backbone Curves

7.2 Yield Point
The yielding point where the stress is beyond the elastic limit and the material becomes
plastic and nonlinear. After this point, the material no longer exhibits its typical properties and
becomes permanently deformed. This was determined using two different procedures, furthest
method and linear regression.
7.2.1 Furthest Point
The furthest point method procedure in determining the R-Factor was adapted from Dr.
Bing Qu (2019). Using the backbone curve, multiple linear sections were analyzed. A linear line
is drawn from zero to the maximum load for both the push and pull cycle. The distance between
this line and the backbone curve fluctuates as the displacement increases. Different points on the
backbone curve are analyzed to determine the distance to the linear line from the line formed for
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the maximum load. Whichever point is the furthest distance becomes the load at yield. Figure
7.14 shows the geometry in determining the yielding point using furthest method on the backbone
curve.

Push

Pull

Figure 7.14: Furthest Point Method Geometry

Table 7.1 summarizes the point at which was furthest in the push and pull cycle as well as
the absolute value average of the displacement and load. This displacement and yielding occurred
during cycle 4. Failure did not occur until cycle 10 at a displacement of 2.0 inches and maximum
load of about 14000 lb.
Table 7.1: Yield Point Summary using Furthest Point Method
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7.2.2 Linear Regression
The linear regression method was adapted from Eberhard et al. (2018) and Rose (1998) to
determine the yield point. This segment was determined by using sections of the backbone curve
that form linear regression lines that have the R2 value closest to 1.0. In the push direction, the R2
value was 0.9633 and in the pull direction the R2 value was 0.9105. Figure 7.15 provides the
graph of the linear regression lines and their R2 values.

Push

Pull

Figure 7.15: Yield Point Determination from Linear Regression

Table 7.2 summarizes the yield points determined using linear regression. The average
yield strength from linear regression is within 300 pounds from furthest point method.
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Table 7.2: Yield Point Summary using Linear Regression

7.3 Seismic Response Modification Factor
The seismic response modification factor (R-Factor) was found in order to account for
the ductility in the system. The R-Factor was found using both methods for determining the yield
points. A summary for each method is provided in Tables 7.3 and 7.4. The R-Factor can be
calculated using equation 7.5. The period for this R-Factor is the time from zero to the period of
vibration where the nonlinear response of a structure will increase rapidly.
Pu is the ultimate load where failure occurs, defined as 80% of Pmax. Displacement
ductility is µΔ (Equation 7.6).
𝑹𝑹 = �𝟐𝟐𝝁𝝁∆ − 𝟏𝟏
∆

where 𝝁𝝁∆ = ∆𝒖𝒖
𝒚𝒚

Table 7.3: Furthest Point Method R-Factor Summary

Equation 7.5

Equation 7.6
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Table 7.4: Linear Regression R-Factor Summary

7.4 Stiffness
The stiffness of the wall can be determined using the slope of the first segment of the
envelope curve prior to becoming non-linear. This is the initial stiffness before the cob
experienced cracking. Multiple cycles were analyzed individually to determine where cracking
occurred. The first three imposed displacements were determined to be prior to cracking because
their linear trendlines had an R2 value of 0.98 or greater. The average stiffness from the slopes of
these cycles was determined to be about 60,000 lb/in. Figure 7.16 is an example of one cycle with
the corresponding trendline and R2 value from the equation.

Figure 7.16: Cycle 1 Displacement vs. Load
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These stiffnesses were then compared to the initial stiffness that was calculated from the
modulus of elasticity and shear modulus found from the compression tests (Section 3.1.4). Using
an average modulus of elasticity of 39,400 psi and Equation 7.8, the bending stiffness was
calculated. Equation 7.8 comes from the bending stiffness of a cantilever beam. I is the moment
of inertia of the wall uncracked and H is the height from the base of the wall to the location where
deflection was measured. Shear stiffness was calculated using Equation 7.9 and an average shear
modulus of 18,425 psi. A is the cross-sectional area of the wall and L is the length of the wall.
The stiffnesses are then combined by using equation 7.10. Table 7.5 is a summary of the
theoretical stiffness calculated from these equations. Table 7.6 summarizes the experimental and
theoretical stiffness and provides a phi value used for comparison purposes that is the ratio of the
two. Figure 7.17 graphically compares the theoretical stiffness to the data obtained from the wall
test.
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Table 7.5: Calculation of Each Theoretical Stiffness Component

Table 7.6: Comparison of Experimental and Theoretical Stiffness

Figure 7.17: Comparison of Theoretical Stiffness to Experimental Data
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The experimental stiffness was significantly smaller than the theoretical stiffness by
about 20%. This could be due to the properties found from the compression tests are not the same
as the actual wall that was tested. Therefore, the modulus of elasticity and the shear modulus
could be larger from the samples than they would be if from the actual wall. Issues could also
occur because the wall was loaded from the loading actuator at a height of 98 inches.
7.5 Initial Cracking
The moment and load at initial cracking can also be determined using the same properties
the theoretical stiffness was calculated with along with the modulus of rupture (Section 3.1.6).
The load on the wall at initial cracking can be calculated using gross-section analysis, see
Equation 7.11.
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Equation 7.11

Table 7.7 provides the parameters used and results for calculating the load at cracking. F
is defined as the axial load due to self-weight of the wall. H is the height from the base of the wall
to where the lateral load was applied. The load at first cracking was calculated to be about 6300
lb which is just below the yield points found in Section 7.2. This makes sense because the cob
likely cracked initially around this 6300 lb range and then continues to crack until it reached the
yield point around 8000 lb. Figure 7.18 plots the theoretical cracking load on the zoomed in
backbone curve for both the pull and push directions.

7. Results and Analysis
Table 7.7: Summary of Initial Cracking Calculations

Figure 7.18: Location of Initial Cracking on Backbone Curve
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8. MOMENT-CURVATURE MODELING
A non-linear moment-curvature analysis was performed to determine a universal model
for cob behavior. A layer model was created in Excel to represent the cross section of the cob
wall. Each layer was 1 inch long and 13.4 inches wide, (see Figure 8.1). A compression and
tension model for cob and a steel model for reinforcement were combined to create a reinforced
cob model that would plot a moment-curvature relationship.

Figure 8.1: Cross-Section of Wall with 1" Layers

8.1 Compression Model for Cob
The compression model for cob used in creating the moment-curvature model was
adapted from Sargin et al. (1971). The Sargin model is a mathematical expression that can
represent the stress-strain relationship for concrete under uniaxial compression. This expression is
adapted for cob in compression (Equation 8.1). The peak strength occurs at the compressive
strength of cob. The “A” and “D” variables vary the different slopes on the stress-strain curve.
Variable “A” represents the normalized initial modulus of elasticity which affects the initial slope
of the curve. This also takes into account the compressive strength of cob (fc,cob) and the strain
corresponding to the maximum stress in compression (ε0). Equation 8.2 represents the parameters
for variable “A”. Variable “D” controls the slope of the post-peak curve and adjusts the model to
fit the desired shape. The shape of the pre- and post-peak curves are both affected by “A” and
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“D”, therefore they are not independent constants. The normalized strain is represented by x,
(Equation 8.3). Figures 8.2 and 8.3 show the relationship of “A” and “D” and how it affects the
slope of the stress-strain curve.
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Equation 8.1

Equation 8.2

Equation 8.3

fc,cob = 166 psi
ε0 = 0.0161 in/in

Figure 8.2: Varying A with D=0.6
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fc,cob = 166 psi
ε0 = 0.0161 in/in

Figure 8.3: Varying D with A=6

To determine “A”, “D” and ε0 values, stress-strain curves were created using the
experimental data from the compression tests (Section 3.1.4). Each of these curves were
individually compared to a stress-strain curve where the stresses were calculated using Sargin’s
Model. The “A”, “D” and ε0 parameters were adjusted in Sargin’s Model until the stress-strain
curve matched with the real stress-strain curve. For use of a universal model, the “A” and “D”
variables were revised simultaneously for all compression test samples with their unique fc,cob and
ε0. Then the universal compressive strength and corresponding strain was taken as the average
values from the compression tests. These parameters for the universal model were found to be:
𝐴𝐴 = 6.067

𝐷𝐷 = 0.627

𝑓𝑓𝑐𝑐,𝑐𝑐𝑐𝑐𝑐𝑐 = 178 𝑝𝑝𝑝𝑝𝑝𝑝

𝜀𝜀0 = 0.01442 𝑖𝑖𝑖𝑖/𝑖𝑖𝑖𝑖

When “A” and “D” were applied to each compression test stress-strain curves, the
universal curve fit well to the real data. This confirmed that the “A” and “D” values were
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acceptable. Table 8.1 provides the compressive strength and corresponding strain for each sample
as well as the initial modulus of elasticity found using “A”. Greyed out samples were not
considered due to incomplete stress-strain curves. Figure 8.4 shows both real stress-strain data
from 3 samples and their corresponding best model fit.

Table 8.1: Summary of Compression Test Values
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Figure 8.4: Compression Model and Real Stress-Strain Curve Comparison

8.2 Tension Model for Cob
The tension model used is a simple bi-linear model which assumes cob is linear-elastic,
with a slope equal to the modulus of elasticity (Ecob), until it reaches the modulus of rupture
(MORcob). After it reaches the modulus of rupture, it unloads with a slope of Ecob over a factor,
munl. Figure 8.5 provides a visual representation of the tension model for cob. The modulus of
rupture used was taken from tests performed by Dezire Perez (2019). The value assumed for
modulus of elasticity was determined from compression tests from Section 3.1.4 of this thesis.
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Figure 8.5: Tension Model for Cob

8.3 Steel Model
The steel was initially modeled as simply elastic-perfectly plastic which ignored effects
from strain hardening. The reinforcing steel wire was assumed to have a yield strength of 60 ksi.
However, it was not confirmed that the steel had a yield strength of 60 ksi; therefore, other yield
strengths were checked. The steel model was then changed to include effects of strain hardening.
This allows the steel to take more stress after yielding occurs to an ultimate strength. Figure 8.6
describes the difference of the addition of strain hardening on a stress-strain curve. The stressstrain curve could also have a yield plateau prior to strain hardening. The model that includes
strain hardening followed a process described by Wang et al. (2012) which proposed a curve that
included strain hardening produced by Sargin (Naaman 2012). The parameters used for the strain
hardening model are outlined in Table 8.2. These are used for Equations 8.4, 8.5 and 8.6 which
break up the curve into three portions which include: an initial elastic section, a yield plateau, and
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a strain hardening section to failure. The three equations to represent the steel model at different
portions of the curve are:
𝑓𝑓𝑠𝑠 = 𝐸𝐸𝑠𝑠 𝜀𝜀𝑠𝑠 for 0 ≤ 𝜀𝜀𝑠𝑠 ≤ 𝜀𝜀𝑦𝑦

Equation 8.4

𝑓𝑓𝑠𝑠 = 𝑓𝑓𝑦𝑦 for 𝜀𝜀𝑦𝑦 ≤ 𝜀𝜀𝑠𝑠 ≤ 𝜀𝜀𝑠𝑠ℎ
𝑓𝑓𝑠𝑠 = 𝑓𝑓𝑦𝑦 + 𝐸𝐸𝑠𝑠ℎ (𝜀𝜀𝑠𝑠 − 𝜀𝜀𝑠𝑠ℎ ) �1 −

𝐸𝐸𝑠𝑠ℎ (𝜀𝜀𝑠𝑠 −𝜀𝜀𝑠𝑠ℎ )
�
4(𝑓𝑓𝑠𝑠𝑠𝑠 −𝑓𝑓𝑦𝑦 )

Equation 8.5
for 𝜀𝜀𝑠𝑠 > 𝜀𝜀𝑠𝑠ℎ

Table 8.2: Description of Parameters for Strain Hardening Steel Model

Equation 8.6
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Figure 8.6: Strain Hardening vs. Elastic-Perfectly Plastic Steel Model (Lin, 2017)

8.4 Moment-Curvature Analysis
Non-linear moment-curvature analysis was performed using the described models above.
For each 1 inch layer in the model, a force in the cob and steel was calculated from the assumed
inputs to calculate a moment and curvature at a specific strain. A range of maximum compression
strains were used from 0.00025-0.01 in/in which calculated the neutral axis, c. Then equilibrium
was used to find the forces due to cob and steel at each 1” layer to determine the moment. The
neutral axis and the maximum compression strain was used to calculate curvature. These
moments and curvatures at each maximum compression strain were then plotted to produce a
moment-curvature plot for the assumed inputs. Multiple moment-curvature analyses were
conducted with different parameters to analyze the effects of those parameters and to determine
an accurate moment-curvature plot for this wall test. The maximum lateral force applied to the
wall by the loading actuator was about 14,000 lb. Therefore, the maximum moment should occur
at about 1,400,000 lb-in. Figure 8.7 is the reference moment-curvature plot used for the analysis
of this wall. The parameters used for the reference moment-curvature plot are summarized in
Table 8.3. These were determined by compression tests, modulus of rupture tests, steel mill
reports, and properties from the wall. From this moment-curvature plot, the maximum moment
occurred at 1,940,000 lb-in. There is a plateau before the moment continues to increase at
1,150,000 lb-in. This plateau is where the cob begins to not take stress because cracking of the
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cob occurs. The steel then engages and takes all the force which continues the increase of the
curve on the moment-curvature plot. When the curve starts to settle near 1,700,000 lb-in the steel
is beginning to yield.

Figure 8.7: Reference Moment-Curvature Model

Table 8.3: Reference Moment-Curvature Model Parameters
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8.4.1 Moment-Curvature Parametric Analysis
The analyses were conducted by changing one variable to determine the effect on the
moment-curvature model. This was also performed to establish if any assumed values or material
test results were an inaccurate representation of the cob wall.
8.4.1.1 Applied Axial Force
The applied axial force on the wall varied along different heights of the wall. The applied
axial force include the weight of the cob, loading actuator and concrete top beam. The applied
axial load was found at 4 different sections along the height of the wall. Table 8.4 shows the
calculated axial forces at different sections of the wall, measured from the top of the wall down.
The largest axial force was about 5600 lb which was used in the moment-curvature analysis.
Table 8.4: Applied Axial Forces

To see the difference of the moment-curvature plot based on axial force the smallest,
1700 lb, was also analyzed. The smaller axial force produced a smaller maximum moment of
1,800,000 lb-in and the maximum axial force produced a moment of 1,900,000 lb-in. The
difference of 100,000 lb-in is about 8 kip-ft which is a relatively small difference. Therefore, the
largest axial force was continued to be used in all analyses. The smaller applied axial force did
not produce a large effect on the moment-curvature plot. As outlined in Figure 8.8, the lower
applied axial force curve followed the same shape as the reference curve with only a slight
moment decrease.
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Figure 8.8: P = 5600 lb and P = 1700 lb Moment-Curvature Plots

8.4.1.2 Cob Compressive Strength
The compressive strength used in the moment-curvature model was determined from the
compression tests conducted (Section 3.1.4). This value was determined to be 178 psi. The actual
stress of the cob wall could be lower so a conservative value of 100 psi was analyzed. The
smaller compressive strength reduced the maximum moment to about 1,800,000 lb-in, a decrease
of only 5%. The curvature of the conservative compressive strength was also reduced, though not
significantly. The shape of the moment-curvature plot remained the same as the reference plot,
(Figure 8.9).
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Figure 8.9: fc,cob = 178 psi and fc,cob = 100 psi Moment-Curvature Plots

8.4.1.3 Modulus of Rupture
The modulus of rupture used in the moment-curvature analysis was found from rupture
tests done by Dezire Perez (2019). The modulus of rupture determined by Perez was 33 psi;
therefore, a conservative value of 20 psi was used for comparison. After analyzing the momentcurvature plot (Figure 8.10), the maximum moment for both modulus of rupture values were the
same. However, the slope of the curve between moments 600,000 lb-in and 1,300,000 lb-in was
affected. The reference slope was steeper than the small MORcob slope on the moment-curvature
plot. This difference is fairly small which can conclude that the modulus of rupture does not have
a large effect on the moment-curvature model.
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Figure 8.10: MORcob = 33 psi and MORcob = 20 psi Moment-Curvature Plots

8.4.1.4 Yield Strength of Reinforcing Steel
The yield strength of the steel used in the cob wall was not provided in the mill reports.
For the reference model, it was assumed to be 60 ksi because ACI 318 requires reinforcement to
be a minimum of 60 ksi for design (ACI Committee 439, 2009). The minimum yield strength for
welded wire steel when complying with ASTM A-1064 is 70 ksi. This specification was followed
for the welded wire used for the cob wall; therefore, 70 ksi was used for comparison. With a
higher yield strength, the maximum moment increased to 2,150,000 lb-in compared to the
original 1,900,000 lb-in. The 14% difference in yield strength results in an 11.5% increase in
moment capacity. This is a significant jump in the maximum moment due to the effect of yield
strength. Figure 8.11 shows how the larger yield strength increases the moment capacity after the
steel engages.
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Figure 8.11: fy = 60 ksi and fy = 70 ksi Moment-Curvature Plots

8.4.1.5 Tensile Unloading Slope
The unloading slope in the tension model is the slope after the modulus of rupture is
reached and the stress decreases for increasing strain. The unloading slope from the tension
model was an assumed value from using the modulus of elasticity based on a “best fit” of the
modulus of rupture tests. The unloading slope is defined as Ecob/munl. The factor, munl, was
assumed to be 0.5 for the reference moment-curvature model. The factor it was compared to was
munl of 4 and 1. The larger munl results in a steeper decrease in stress over strain while a lower munl
results in a gradual decrease in stress over strain. The factor of 1 results in a unloading slope
equal to the modulus of elasticity. The maximum moment from all unloading slopes were the
same but the shape of the moment-curvature curve was effected, (Figure 8.12). The larger munl
factor shifted the shape of the curve to reach the peak moment and then immediately flatten as
curvature increases. This is because the unloading slope decreased more with the larger munl the
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cob remained in tension until the wall reached capacity. The munl of 1 and 0.5 curves were
virtually identical. These curves gradually converge at higher curvatures because the influence of
the cob in tension becomes negligible in comparison to the steel.

Figure 8.12: munl = 0.5, munl = 4 and munl = 1 Moment-Curvature Plots

8.4.1.6 Steel Size
The reference steel is CF 6x6 W2.9/W2.9 welded wire steel because it was the two main
layers of reinforcement used in this cob wall. The comparison steel is CF 6x6 W1.4/W1.4 which
was used in the wall to help frame the main reinforcement. The CF 6x6 W2.9/W2.9 area of steel
is 0.116 in2/ft of cob and CF 6x6 W1.4/W1.4 area of steel is 0.056 in2/ft. These areas come from
the gauge of the line-wire used for the steel mesh reinforcement. As seen in Figure 8.13, the steel
size makes a huge difference in the moment capacity of the cob wall. The maximum moment for
the smaller area of steel was 1,130,000 lb-in which is 800,000 lb-in lower than the reference
maximum moment. The difference in the steels used for comparison was two gauge sizes which
affected the moment capacity by 42%. The shape of the moment-curvature plot also changed
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significantly. The moment first peaked at 940,000 lb-in then it dropped and started too increased
again. This shape is unlike any other parameters and is due to the cracking of the cob playing a
larger role in comparison to the steel.

Figure 8.13: CF 6x6 W2.9/W2.9 and W1.4/W1.4 Moment-Curvature Plots

8.4.1.7 Steel Model with Strain Hardening
To include the effects of strain hardening, a different steel model was used while keeping
all reference values the same. The values for each steel parameter is summarized in Table 8.5
which affects the steel model after yielding as shown in Figure 8.14. Figure 8.15 shows the
difference of the reference plot when strain hardening is considered. The maximum moment
increased by about 830,000 in-lb when strain hardening is considered. This is a 30% increase in
the capacity of the wall. Both moment-curvature plots are exactly the same initially because strain
hardening only effects the portion after steel begins to yield.
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Table 8.5: Parameters used for Strain Hardening Steel Model (adapted from Naaman, 2012)
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Figure 8.15: Elastic Perfectly Plastic and Inclusion of Strain Hardening Moment-Curvature Plots

8.5 Moment-Curvature Modeling Conclusion
Each moment-curvature analysis that was performed resulted in a maximum moment that
produced a substantial difference in load capacity than the experimental results for the cob wall.
The estimated maximum moment from the cob wall results was 1,400,000 lb-in. However, the
majority of the moment-curvature models produced a maximum moment between 1,800,000 lb-in
and 2,000,000 lb-in. The only model that affected the moment capacity enough to match the
actual results was the reduced size of steel. However, that is not a reasonable parameter to change
for this wall because the steel dimensions used are known from the mill certificate (Appendix C).
The steel model that included strain hardening also increased the capacity of the wall by a
significant amount. This model should lead to more accurate capacity predictions; however, this
cob wall had a smaller capacity that does not coincide with the strain hardening addition to the
steel model. The yield strength of steel also had a large effect on the moment capacity of the wall.
70 ksi would be a more accurate representation of the yield strength because the steel complies
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with ASTM A-1064, however; it over-predicted the moment capacity of the cob wall. A possible
reasoning for the over-predicted capacity of this cob wall could be due to the assumption that the
steel is ductile. The elastic perfectly plastic and strain hardening model both model ductile
reinforcing steel. However, cold-drawn wire has been found to not be as ductile and fracture at a
low strain of 1% or less (Carrillo & Alcocer, 2012). Investigation into the ductility of the welded
wire steel used in this cob wall is needed to determine the correct steel model.

9. CONCLUSIONS AND FUTURE WORK
This project was to provide additional research on the performance of reinforced cob
walls under in-plane cyclic tests. Compression tests were conducted to determine the compressive
strength of cob and other properties. Moment-curvature modeling was also analyzed to provide a
design model for future cob walls.
9.1 Conclusions
9.1.1 Materials
•

Compressive strengths were fairly uniform with an average value of 174 psi.

•

Modulus of elasticity from the majority of the compression tests concluded similar values
to each other. The accuracy of the modulus of elasticities measured are unknown
compared to prior research by other investigators because reported results are extremely
inconsistent.

•

Cob properties seem to be reliant on where clay and sand are obtained. Therefore, there is
not a specific universal cob composition that can be consistently specified which may
explain the cause of differences in others’ research.

9.1.2 In-Plane Cyclic Loading
•

The failure mechanism was determined to be a flexural failure. However, shearing was
determined to be a large factor in the initial loading and deflection of the wall.

•

Ductile behavior of the wall was observed from the backbone curve.

•

Steel yielding and rupture occurred during the test without complete collapse of the wall.

•

Yielding occurred at 8000 lb of imposed lateral force.
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Stiffnesses from theoretical calculations and experimental results were similar to within
20%. Theoretical stiffness was calculated to be 75,422 lb/in and experimental stiffness
was 60,000 lb/in.

•

The Seismic Response Modification Factor was found to be 4.5.

9.1.3 Moment-Curvature Modeling
Material models were defined for the steel and cob, and a method to numerically predict
the moment-curvature behavior was implemented. From this model, the following conclusions
were derived:
•

Tensile behavior of cob had little impact on the moment capacity of the cob wall.

•

Steel properties affected the capacity of the cob wall the greatest.

•

No final model was able to be produced that accurately predicted the moment-curvature
behavior for the reinforced cob wall from this thesis. It is suspected that the welded wire
steel likely had little ductility which would explain the over predicted moment capacity
and ductility.

9.2 Future Work Recommendations
•

Additional research should be conducted to provide more details on material behavior
and characteristics, particularly the welded wire steel reinforcement.

•

The testing of different clays and sands in cob composition should be evaluated. In
addition, testing to examine the effect of moisture on compressive and tensile properties
of cob should be investigated. Much of the strength of cob seems to be reliant on the clay
properties of specific regions. Therefore, to make cob an accessible material, information
needs to be available for many different compositions of cob.

•

Alternant reinforcement options should be considered and tested to determine the best
option that works well with cob.

9. Conclusions and Future Work
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The effect of straw with varying lengths and types should be researched in more depth to
provide a good recommendation for straw usage.
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APPENDIX B.

COMPRESSION TEST RESULTS
Table B.1: Compression Test Results Summary
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Table B.2: Moisture Test Summary
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